The aim of the study was to examine the predictive value of QRS duration and morphology during watchful waiting in asymptomatic patients with aortic stenosis (AS).
Background
QRS duration and morphology are associated with poor prognosis in many different populations, but the predictive value, particularly of the risk of sudden cardiac death (SCD), in asymptomatic patients with AS has not been well studied.
Methods
Data were obtained in asymptomatic AS patients randomized to simvastatin/ezetimibe combination versus placebo in the SEAS (Simvastatin and Ezetimibe in Aortic Stenosis) study. The impact of QRS duration, evaluated as a categorical variable of Ͻ85 ms versus 85 to 99 ms and Ն100 ms (excluding bundle branch block [BBB] ) and QRS morphology in those with BBB, on cardiovascular morbidity and mortality was assessed by adjusting for clinical and echocardiographic covariates.
Results
QRS data were available in 1,542 patients who were followed for a mean of 4.3 Ϯ 0.8 years (6,631 patientyears of follow-up). There were 68 cardiovascular deaths (4.6%), including 27 SCDs (1.8%). QRS duration was Ͻ85 ms in 900 patients (58.4%), 85 to 99 ms in 396 (25.7%), Ն100 ms in those without BBB in 144 (9.3%), and 102 (6.6%) in those with BBB. In multivariable analyses, those with QRS duration Ն100 ms had, compared with those with QRS duration Ͻ85 ms, a 5-fold higher risk of SCD (95% confidence interval: 1.8 to 13.7, p ϭ 0.002) and a 2.5-fold higher risk of cardiovascular death (95% confidence interval: 1.2 to 5.1, p ϭ 0.01). The increased afterload associated with aortic stenosis (AS) initially induces compensatory left ventricular (LV) hypertrophy and ultimately results in impaired LV systolic function as well as symptoms of heart failure (1). The onset of symptoms or LV systolic dysfunction is generally accepted as adverse signs in initially asymptomatic patients with AS and represents guideline criteria for aortic valve replacement (AVR) (2) . The annual risk of sudden cardiac death (SCD) is ϳ0.4% per year in patients who have not yet met current criteria for AVR (3) . Therefore, predictors of adverse outcome, and in particular SCD, are of special interest in asymptomatic AS because they may lead to a better selection of patients for AVR, perhaps reducing the risk of adverse outcome and prevention of SCD. In this regard, increased QRS duration is appealing because it has been shown to be associated with LV hypertrophy and the risk of congestive heart failure in the general population as well as the risk of SCD in patients with increased afterload due to hypertension or with impaired LV ejection fraction (4 -7). Moreover, it is a low-cost, easily obtainable, and reproducible parameter. Several studies have suggested differing etiologies of left bundle branch block (LBBB), which is associated with LV dysfunction, right bundle branch block (RBBB), often in the absence of overt heart disease, and prolonged QRS duration not meeting the criteria for bundle branch block (BBB) (8) . However, the association of QRS duration, especially lesser degrees of QRS prolongation (Ͻ120 ms), with the risk of adverse outcome, particularly SCD, and the additive value of QRS morphology, in those with BBB, have not been well studied in asymptomatic patients with AS. Thus, the present study investigated whether: 1) QRS duration in patients without BBB is related to the risk of cardiovascular morbidity and mortality, particularly of SCD; and 2) QRS morphology in those with BBB added prognostic information during long-term follow-up in asymptomatic patients with mild to moderate AS and preserved LV systolic function.
Conclusions

Methods
Study population. The SEAS (Simvastatin Ezetimibe in Aortic Stenosis) study was a multicenter, randomized, double-blind, placebo-controlled study investigating whether intensive lipid-lowering with simvastatin/ezetimibe combination compared with placebo could reduce the need for AVR and the risk of cardiovascular morbidity and mortality in 1,873 patients from ages 45 to 85 years with asymptomatic mild to moderate AS (defined as echocardiographic aortic valve thickening accompanied by a Dopplermeasured aortic peak flow velocity Ն2.5 and Յ4.0 m/s and normal systolic LV function). The main outcome including study design, organization, clinical measures, exclusion criteria (most important systolic heart failure, diabetes, and known ischemic heart disease), baseline characteristics, and main outcome were published previously (9, 10) . This study uses pre-specified analyses of prospectively collected data from the SEAS and the SEAS electrocardiographic substudy to investigate whether QRS duration is independently associated with the risk of SCD, overall cardiovascular death, cardiovascular morbidity, AVR, and all-cause mortality in asymptomatic patients with AS. This study complies with the Declaration of Helsinki, and locally appointed ethics committees approved the research protocol, and informed consent was obtained from all participants.
Electrocardiography. Electrocardiographic study protocol, reading procedures, and reproducibility were published (11) . In short, electrocardiograms were recorded at the local study centers at a paper speed of 25 or 50 mm/s, after which they were sent to the central electrocardiogram core laboratory at The Heart Center, Rigshospitalet, Copenhagen, Denmark. A physician, blinded to the randomization and all clinical data, read and transferred all electrocardiograms directly to an electrocardiogram database, using Minnesota codes, in agreement with recent recommendations (12) . QRS duration was measured in the lead with the greatest QRS width. Patients were grouped according to: 1) QRS duration Ͻ85 ms; 2) QRS duration 85 to 99 ms; 3) QRS duration Ն100 ms (excluding patients with BBB); 4) LBBB; and 5) RBBB with and without left anterior fascicular block. Echocardiography. The echocardiographic study protocol, reading procedures, and reproducibility were published (13) . In short, transthoracic echocardiograms were read blinded at the SEAS echocardiography core laboratory at Haukeland University Hospital in Bergen, Norway. The aortic valve area was calculated using the continuity equation, in accordance with recent recommendations (14) . Quantitative echocardiography was performed according to American Society of Echocardiography guidelines (15) . Endpoints. All endpoints were classified by an endpoint committee blinded to a randomization group with a prespecified endpoint manual prepared by the SEAS steering committee (9) . Specific endpoints were: 1) SCD (defined as either witnessed instantaneous unexpected death occurring without preceding symptoms or nonwitnessed unexpected death, if other causes of death were excluded with reasonable certainty [i.e., patients who had known signs, symptoms, or other fatal disease when last observed] or cardiac death occurring Ͻ24 h after onset of cardiac symptoms [e.g., acute pulmonary edema or cardiogenic shock]); 2) cardiovascular death (defined as death caused by complications of myocardial infarction, progressive heart failure, cerebrovascular disease, complications of cardiac surgery or intervention, other cardiac or cardiovascular diseases including SCD as defined previously); 3) AVR (defined as AVR as a single operative procedure or performed in combination with other procedures); 4) hospitalization for incident congestive heart failure (excluding patients after AVR, known heart failure, aortic valve area Ͼ1.0 cm 2 , and/or known heart disease, aside from AS, that could have contributed to the development of heart failure); 5) nonfatal and fatal myocardial infarction (defined as a typical increase and decrease in troponin or creatine kinase-myocardial band QRS Duration in Asymptomatic Aortic Stenosis plus at least 1 of the following: ischemic symptoms, ischemic electrocardiographic changes (new pathologic Q waves, ST-segment elevation, ST-segment depression, inversion of T waves in at least 2 leads, and/or percutaneous coronary intervention with significant coronary stenosis/thrombus). Statistical analysis. Data were analyzed using the SAS version 9.1 (SAS Institute, Cary, North Carolina). Continuous data are expressed as mean Ϯ SD and categorical variables as proportions. Continuous variables were normally distributed, except for QRS duration, which was assessed as a categorical variable by assigning indicator variables to QRS duration: 1) Ͻ85 ms; 2) 85 to 99 ms; 3) Ն100 ms (excluding patients with BBB); 4) LBBB; and 5) RBBB with and without left anterior fascicular block. Due to suspected different etiology, patients with RBBB were set aside for separate hypothesis-generating analyses. Differences in continuous variables were evaluated by using 1-way ANOVA (with unweighted mean analysis due to unequal sample sizes) and trend tests for categorical variables. To reduce the risk of type I error, pairwise comparisons with a reference group (QRS Ͻ85 ms) were adjusted by Dunnett's test for multiple comparisons. The impact of the simvastatin/ezetimibe combination compared with placebo on progression in QRS duration was assessed in a mixed model using repeated measures of annual in-study electrocardiographic re-examinations. QRS duration as a continuous and categorical variable (as defined earlier) satisfied the linear and proportional hazard assumptions for Cox time-to-event modeling. Associations of QRS duration, as a categorical variable, with all cause-mortality and other endpoints (i.e., heart failure, AVR, acute myocardial infarction, SCD, and cardiovascular death) were analyzed by Cox models and by competing risk regression (using death as a competing event), as described by Fine and Gray (16), respectively. The effects are expressed by cause-specific hazard ratio (HR) and 95% confidence interval (CI). Differences in the incidence of SCD and overall cardiovascular death among groups of QRS duration were evaluated by log-rank tests. . Additional measures were taken to avoid overfitting the multivariable models; 1) QRS duration was investigated as covariate with 3 degrees of freedom (as defined), and 2) computerized backward elimination was performed in all models in which QRS duration (as a categorical variable) was a multivariable predictor (with p Ͻ 0.05 needed to stay in the model). All analyses were checked for the influence of randomized treatment, but this did not alter the results, and the covariate was not included in the final analyses (data not presented). The additive prognostic value of QRS duration was evaluated as described by Pencina et al. (17) . Because there is no established score system for SCD in asymptomatic AS, a priori risk categories of SCD were set at Ͻ0.9% (expected occurrence in age-and sex-matched U.S. background) (18) , 0.9% to 5%, and Ͼ5% (during the mean follow-up of 4.3 years). To test whether the impact of QRS duration on SCD was sensitive to the definition of SCD, an additional analysis was performed using a breakdown of SCD with and without preceding symptoms of heart failure or angina in accordance with a modified Hinkle-Thaler classification (19) . Proportionality and linearity assumption for all variables in the multivariable models were checked by testing the dependence of their relative risk estimate over time. There were no significant differences in the competing event (noncardiovascular death) among groups of baseline QRS duration and LBBB (data not presented); cumulative incidence plots of SCD and cardiovascular death are therefore given as rates of the investigated endpoint per se. Interaction terms were not included in the models because there was no a priori suspicion of interaction. A 2-tailed p value Ͻ0.05 was required for statistical significance.
Results
Baseline characteristics. Baseline electrocardiograms were available for 1,563 patients; QRS duration could be assessed in 1,542, missing values were due to 100% ventricular pacing (n ϭ 10, 0.6%) or poor quality of electrocardiogram (n ϭ 11, 0.7%), with no significant difference in distribution of age, sex, peak aortic jet velocity, and LV mass between patients with and without data for the current study (data not presented). The study population consisted of 942 men (61.1%) and 600 women (38.9%) followed for a mean of 4.3 Ϯ 0.8 years, totaling 6,631 patient-years of follow-up. The mean age was 67.4 Ϯ 9.6 years and the mean peak aortic jet velocity was 3.1 Ϯ 0.5 m/s. Groups with QRS duration Ͻ85 ms (n ϭ 900, 58.3%), 85 to 99 ms (n ϭ 396, 25.7%), Ն100 ms without BBB (n ϭ 144, 9.3%), and LBBB (n ϭ 43, 2.8%) differed in the mean LV diameter in diastole and systole, LV posterior wall thickness, intraventricular septal thickness, LV ejection fraction, LV mass/body surface area, heart rate, body mass index, cholesterol levels, and the proportion of women and prevalence of hypertension (Table 1) . Clinical impact of baseline QRS duration and LBBB. A total of 140 deaths occurred (9.4%); 68 were categorized as cardiovascular (4.6%) and 27 as SCDs (1.8%, annual rate ϳ0.4%), 428 patients were referred for AVR (28.9%), 36 experienced incident myocardial infarction (2.4%), and 34 were hospitalized for heart failure before AVR (2.3%). End-of-study cumulative incidences according to QRS duration and LBBB are given in Table 2 , and the impact of QRS duration Ն100 ms and LBBB, compared with those with QRS duration Ͻ85 ms, in Table 3 . The annual rates of SCD and overall cardiovascular death were, respectively, ϳ0.2% and 0.8% in QRS duration Ͻ85 ms, 0.5% and 1.2% in QRS duration of 85 to 99 ms, 1.3% and 2.3% in QRS duration 100 to 119 ms compared with 0.6% and 1.1% in LBBB. Considering QRS duration as a linear predictor, the risk of SCD increased with ϳ40% per 10 ms greater QRS width (HR: 1.4; 95% CI: 1.1 to 1.7; p ϭ 0.005). Further analyses excluding patients with LBBB showed that the risk of SCD increased 2.2-fold per 10 ms greater QRS width (HR: 2.2; 95% CI: 1.5 to 3.2; p Ͻ 0.001). In multivariable analyses, patients with QRS duration of 100 to 119 ms had, compared with those with QRS duration Ͻ85 ms, a 5-fold higher risk of SCD (95% CI: 1.8 to 13.7; p ϭ 0.002) and a 2.5-fold higher risk of cardiovascular death (95% CI: 1.2 to 5.1; p ϭ 0.01). Stratifying the latter analysis by SCDs with preceding symptoms (n ϭ 4, 2 admitted for heart failure in QRS duration Ͻ85 ms and 2 diagnosed with angina in QRS duration 100 to 119 ms), patients with QRS duration 100 to 119 ms remained, compared with those with QRS duration Ͻ85 ms, at a 4.7-fold higher risk of SCD (95% CI: 1.7 to 13.1; p ϭ 0.003). Cumulative incidences of SCD and cardiovascular death in groups of baseline QRS duration and LBBB are presented in Figures 1 and 2 Values are mean Ϯ SD or %. *p Ͻ 0.05 compared with QRS duration Ͻ85 ms (Dunnett's test). †Mild ϭ peak aortic jet velocity Ͼ2.5 to Ͻ3.0 m/s. BSA ϭ body surface area; GFR ϭ glomerular filtration rate; LBBB ϭ left bundle branch block. 
End-of-Study Cumulative Incidence of Endpoints According to QRS Duration and LBBB
follow-up after AVR). Similarly, using incident myocardial infarction as a time-dependent covariate, the predictive value of QRS duration was only marginally lower (QRS duration 100 to 119 ms vs. Ͻ85 ms; HR: 5.9; 95% CI: 2.2 to 15.8; p Ͻ 0.001). In this model, incident myocardial infarction was associated with a subsequent 4.6-fold higher risk of SCD (95% CI: 1.0 to 20.9; p Ͻ 0.05). One third of SCDs occurred in patients who had progressed to severe AS; distribution of AS severity before SCD in groups of baseline QRS duration and LBBB is given in Table 4 . Of note, the average increase in QRS duration was ϳ1 ms per year, there was no detectable difference between patients randomized to the simvastatin/ezetimibe combination versus placebo (p ϭ NS). Similarly, there was no difference in the risk of SCD between the 2 treatment arms (p ϭ 0.98).
Prognostic value of QRS morphology in patients with BBB. At baseline, a total of 102 patients had QRS duration Ն120 ms, including 43 (42.1%) with LBBB, 39 (38.2%) with isolated RBBB, and 20 (19.6%) with RBBB and left anterior fascicular block (left posterior fascicular block was not detected in patients with RBBB); 6 patients had QRS duration Ͼ140 ms and the widest QRS complex was 160 ms (n ϭ 1). As shown in Table 5 , there was no difference in major baseline characteristics between patients AS Severity Before Sudden Cardiac Death According to Baseline QRS Duration and LBBB* Table 4 AS Severity Before Sudden Cardiac Death According to Baseline QRS Duration and LBBB* Baseline Demographics and Echocardiographic Characteristics of Participants With RBBB 
Discussion
This study is, to the best of our knowledge, the first to investigate the association of QRS duration with the risk of cardiovascular morbidity and mortality in a large contemporary population of asymptomatic patients with mild to moderate AS, and several of our findings add to current knowledge. First, longer QRS duration is associated with risks of SCD and overall cardiovascular death independent of clinical and echocardiographic covariates. Second, among patients with QRS duration Ն120 ms, only those with LBBB or combined RBBB and left anterior fascicular block have an increased risk of cardiovascular events. Underlying mechanisms of SCD in relation to QRS duration in patients with chronic pressure load are uncertain but may reflect associations of increased QRS duration with: 1) adverse LV response to increased afterload above the changes in LV mass per se (20) ; 2) myocardial scarring due to chronic subendocardial ischemia and fibrosis (21) , further supported by the association with incident myocardial infarction; and 3) a higher threshold for termination of spontaneously occurring ventricular tachycardia in the presence of longer QRS duration (22) . The latter hypothesis is further supported by the fact that QRS morphology was, in patients with QRS duration Ն120 ms, more important for the risk of adverse outcome than that of QRS duration per se. On the molecular level, cardiac conduction velocity is affected by fibrosis, connexins, and ion channels, which, among other mechanisms, are influenced by activity in the renin-angiotensin system (23) . Longer QRS duration could therefore be an early sign of subclinical cardiac damage, which may not be detectable by standard echocardiographic examination. However, we have not found any studies investigating the mechanism of QRS duration and risk of SCD in asymptomatic patients with AS. In patients with pressure overload due to hypertension, QRS duration has been shown to be independently predictive of SCD (4) . AS symptoms and reduced LV systolic function were exclusion criteria in the current study. This adds to evidence that QRS duration and morphology are, independent of study population, associated with a poor prognosis and, in particular, the risk of SCD. Although differences in QRS duration could result from less than severe AS, baseline abnormalities may have had explanations other than AS. Indeed, this is quite likely, given the high prevalence of concomitant systemic hypertension in this population (24) . In addition, the predictive value of QRS duration might have been different in AS patients with subclinical ischemic heart disease. However, even after adjusting by incident myocardial infarction and simvastatin/ezetimibe compared with placebo, QRS duration remained a highly significant predictor of SCD. Comparing the observed incidence of SCD with an age-and sex-matched U.S. background population (18) , the rate of SCD in patients with QRS Ͻ85 ms seems to resemble that in individuals without AS.
The different outcome in LBBB compared with RBBB with and without left anterior fascicular block indicates first that isolated RBBB does not predict adverse events in patients with asymptomatic AS. Second, LBBB is not associated with a greater risk of cardiovascular events in patients with asymptomatic AS than moderate QRS prolongation alone. This concurs with recent data from the general population, suggesting that BBB is not as strong a predictor of arrhythmic death as prolonged QRS duration not meeting criteria for BBB (25) . A potential pathophysiological mechanism may be that BBB reflects a disturbance in the conduction system, whereas longer QRS duration without BBB reflects abnormal depolarization in the myocardium itself. Study limitations. In the SEAS population of asymptomatic patients with mild to moderate AS, relatively few patients had QRS duration Ն120 ms, which may reflect their exclusion from the study population due to symptom onset or death. The latter hypothesis is consistent with the increased rate of SCD associated with longer QRS duration in the present study. The exclusion of AS patients with symptoms, overt coronary artery disease, or previous heart failure resulted in relatively small numbers of SCDs and myocardial infarctions as well as small groups with LBBB or RBBB. The low number of events resulted in wide confidence intervals, the inability to build comprehensive multivariable analyses, and the risk of overfitted models. The relatively low power to determine independent predictors of hard endpoints should be kept in mind when interpreting our findings.
Conclusions
In asymptomatic patients with AS, QRS duration is independently associated with the risk of SCD and overall cardiovascular death. Our findings suggest that QRS duration and morphology, as well as factors influencing these parameters, should be included when estimating the risk associated with watchful waiting and thus the need for intervention in asymptomatic AS. The fair prognosis associated with QRS Ͻ85 ms might suggest that early AVR is not likely to have a significant benefit in reducing SCD in these patients.
